Abstract
Introduction

46
Marine macroalgae are potential sources of oil, food, and valuable compounds [1] .
47
Ulva spp. are attractive models for understanding plant growth, development, and found that almost all U. prolifera fragments with a diameter of 0.5 mm were 57 transformed into sporangium, whereas the sporangium in larger fragments was only 58 formed by marginal and sub-marginal cells [5] .
59
The mechanism of fragmentation-induction has been preliminarily considered that 60 cutting destroyed cell walls and the additional cell-matrix structure, making it easier 61 for algal segments to filter out inhibitors, thus removing the regulatory barriers to 
Materials and methods
84
Culture conditions 85 Vegetative U. prolifera thalli were collected from Xuwen Seaweed Co., Ltd.,
86
Xiangshan County, Zhejiang Province, China (121°56′153, 29°05′065), in June 2017.
87
The thalli were gently washed three times with sterile seawater and then rinsed 88 thoroughly. Using a magnifying glass, the attached sediments, small herbivores, and 89 epiphytes were removed with a brush. Afterward, the thalli were cultured in f/2 
99
Sample treatments
100
Treatment group: Ulva thalli were harvested at morning and cut into small pre-cultured at 4 o C for 30 min in a refrigerator and performed with six duplicates.
106
Samples were collected at culture times of 12, 24, 36, 48, 60, 72, 96, and 120 h, and 107 the media were reduced accordingly to maintain the same culture density.
108
Microscopic observations and counting methods
109
The formation and release of U. prolifera germ cells were observed under an AOTE 110 BK5000 microscope equipped with a Cool SNAP digital camera system. Seven 
GC-MS analysis
141
The metabolites were detected using the Trace 1300/ITQ 900 GC-MS system analyses. The two-way ANOVA type used was "within subject ANOVA." Statistical 167 significance was considered at P < 0.05, and the false discovery rate was used for 
Results
173
Microscopic observation of the germ cell sacs formation 174 As shown in Fig. 1 , the mature germ cell sac first appeared on the edge of the cut and 48 h time points with respect to the treatment and control groups (Fig. 3) . and final increased until 120 h (Fig. 5a) . The treatment score plot showed that 244 different dispose types differed in their PC1 scores, with the treatment and control 245 groups having the lowest and highest scores, respectively (Fig. 5b) 
299
At 12 h, four metabolites, maltose, 2-methyl-3-phenylindole, 3-indoleacetonitrile, and 300 glutamic acid, were selected as biomarkers ( Table 2 ). The levels of maltose 301 (12.23-fold), 2-methyl-3-phenylindole (2.78-fold), and 3-indoleacetonitrile (2.33-fold) 302 were significantly higher and the relative abundance of glutamic acid was 303 significantly lower than that in the control group.
304
At 24 h, three metabolites, maltose, propanedioic acid ester, and trehalose, were 305 important in distinguishing between the treatment and control groups (Table 2 ). In the 306 treatment group, the relative contents of trehalose significantly decreased, however, 307 the relative content of maltose increased by 12.44-fold, and those of propanedioic acid 308 ester also significantly increased.
309
At 36 h, a total of 18 metabolites, including six kinds of acids, two kinds of alcohol, 
318
At 48 h, eight metabolites, including six carbohydrates and two acids, were selected 319 as biomarkers (Table 2) . Among them, the relative content of four kinds of 320 monosaccharides (galactose, ribose, allose, and fructose) and glycerol decreased by and ascorbic acid increased significantly by 9.61-and 6.05-fold, respectively.
323
However, the levels of maltose, glycerol, allose, galactose, ribose, and fructose 324 decreased.
325
At 60 h, three metabolites, including glycerol, arabinose, and glutamic acid, between -1 and 0, and almost reached 4 at 48 h in the control group. Then, the 348 abundance sharply decreased to nearly 0 at 72 h, while that of the treatment group was 349 relatively stable ( Fig. 7a and Table 3 ). This result was consistent with the heat map.
350
Take maltose for example, its abundance in the control group decreased from 0 to -2.5 351 and then gradually increased until reaching the highest at 60 h, followed by slight 352 fluctuation with the photoperiod and maintaining a value between 0 and 1 at 0-48 h.
353
The change trend was the same as that in the treatment group. However, the Table 3 ). In the treatment group, the relative content of the four alcohols was related (Fig 7) . points: 48 h (ribose, fructose, allose, and galactose) and 96 h (arabinose) (Fig. 3 and   393 6), the results were consistent with the kinetic metabolic pattern analysis (Fig.7a) .
394
Meanwhile, the content of maltose was higher in the treatment group within 12 -48 h 395 after cutting and then became similar to that in the control group (Fig.7b) . The result 396 indicated that in the process of fragmentation-induction and natural proliferation, U. Table 2 ), suggesting that 448 these metabolites were used for biological defense of U. prolifera.
449
Two obvious changes were noted in alcohol metabolites: glycerol and hexanol
450
( Table 2 ). The content of glycerol in the treatment group was significantly higher than 451 that in the control group at 60 h after cutting (Fig. 7e) . In this study, the Sp of U.
452
prolifera was 97% and the Rp was 9.57% at 60 h after cutting, but the they were only artificial induction and the glycerol secreted by U. prolifera might be the carbon 456 source of its epiphytes. In this experiment, the relative content of glycerol increased 457 significantly at 60h (Fig.7E) , which might be the result of the interaction between U. (Fig. 7f) . Certainly, further targeted screening for organic acid is 465 necessary to understand the functions of fragmentation-induced proliferation.
466
In conclusion, we found that, after cutting, the reproductive sporangia formed 
